Heavy ions/Low-fluence irradiation/Adaptive response/hprt mutation/Bystander effect.
INTRODUCTION
A central paradigm in radiation biology has been that energy deposition from radiation into a cell, and/or water molecules, causes either direct ionization or indirect ionization by hydroxyl radicals to elicit radiobiological effects. It is implied that the radiobiological consequences only affect the cells irradiated directly from radiation and/or water radicals, such as H radical, OH radical and e -aq, and nonirradiated cells do not contribute to radiobiological effects. This paradigm is one basis for the current system of risk estimation from radiation and the risk of radiation-induced cancer after high and moderate doses is relatively well known, based on the data from detailed epidemiological studies of the Japanese atomic bomb survivors in Hiroshima and Nagasaki. 1) However, the current system of risk estimation has recently been challenged by so called non-targeted effects, such as the bystander effect, 2) and such radiationinduced non-targeted effects may have important implications for the risk evaluation of low-dose (rate)/low-fluence radiations.
Radiation-induced genomic instability can be observed in cells at delayed periods after irradiation. Compared with the direct effects of radiation, in which the effects are directly induced as a consequence of direct energy deposition in cells, radiation-induced genomic instability may include non-targeted effects, in which radiobiological effects are seen in cells that are not subject to a direct hit by the radiation. In such instances, the radiation may have hit the neighboring cells and a response is communicated from the irradiated cells to non-irradiated cells to elicit radiobiological effects ("bystander effect"). In laboratory studies in vitro, radiation-induced instability has been measured as cellular effects, chromosomal damage, and changes in gene expres- sions. [3] [4] [5] [6] [7] [8] [9] In our study, the in vitro life span of normal human fibroblasts accumulated with very low dose mixed radiations (1.4 mGy/day level), such as gamma rays, neutrons and heavy ions, shortened when compared to unaccumulated control cells. 10) However, phenomena and molecular-basis mechanism(s) for cellular responses induced by low-dose (rate) radiations are still unclear, especially high-LET radiations. Such radiation-induced instability may have important implications for the risk evaluation of low doses/low dose rates irradiation from terrestrial radiation and /or cosmic radiation.
The radio-adaptive response refers to the phenomenon by which cells irradiated with a sub-lethal dose of ionizing radiation (adaptive dose or priming dose) become less sensitive to subsequent irradiation with high doses (challenging dose). The radio-adaptive response was first described as a reduction in the frequency of X-ray-induced chromosomal aberrations in stimulated human lymphocytes co-cultured with radioactive 3 H-thymidine. 11) Subsequently radio-adaptive responses have been reported in many biological endpoints. [12] [13] [14] [15] [16] [17] [18] [19] An adaptive response has also been described after clinical, 20) occupational 21) and environmental 22) exposures to radiation. There have been conflicting results in studies on radio-adaptive responses because many of the experimental factors for these studies vary in different laboratories, and thus the experimental results vary.
In this study, we carried out radiation-quality dependence in cellular responses induced by low-dose (rate) or lowfluence radiations, such as gamma rays, neutrons and heavy ions.
MATERIALS AND METHODS

Cell
Normal human skin fibroblasts distributed by the RIKEN BioResource Center Cell Bank (NB1RGB: Cell No. RCB0222) in Tsukuba, Japan were used. Cells were cultured in Eagle's minimum essential medium (MEM) containing kanamycin (60 mg/l), supplemented with 10% fetal bovine serum in a 5% CO2 incubator at 37°C. Cells obtained in a frozen vial were thawed out and sub-cultured twice in a 75-cm 2 plastic culture flask (BD Falcon 353135, Franklin Lakes, NJ, USA) at a density of 1 × 10 6 per flask. The expanded stock culture was frozen and subdivided in polypropylene vials (WHEATON 985731, Millville, NJ, USA) in liquid nitrogen at passage 6 (total population doubling number = 18.5) until use. The frozen stocked cells were thawed in a water bath at 37°C for irradiation, then inoculated and subcultured into the 75-cm 2 plastic flask until they reached a confluent state. The following day, the cells were trypsinized and subcultured again (passage 8) into 25-cm 2 plastic culture flasks (BD Falcon 353014, Franklin Lakes, NJ, USA) at a density of 1 × 10 6 cells per flask for 2 days before irradiation, by which time the cells were confluent, and about 93% were in the G 1 -or G 0 -phase, as determined by flow cytometry (data not shown). The doublingtime of the cells was around 24 hr and the plating efficiency of the cells for colony formation on a 100 mm plastic dish (BD Falcon 353003, Franklin Lakes, NJ, USA) was over 40% at passage 8.
Low-dose (rate) or low-fluence irradiation
The cells were pretreated with low-fluence irradiation (~1 mGy/7-8 h) of 137 Cs gamma rays, neutrons, helium ions (LET = 2.3 keV/μm), carbon ions (LET = 13.3 keV/μm) and iron ions (LET = 200 keV/μm) before irradiation with a 200 kV X-ray challenge dose (1.5 Gy) filtered with 0.5 mm Al and 0.5 mm Cu at 0.98 Gy/min. The pretreatment of lowdose-rate neutrons was carried out using a 241 Am-Be neutron source (maximum energy: 11.5 MeV, average energy: 5.0 MeV). The contamination of gamma rays was estimated to be around 15% of the total dose at the sample position. Heavy ions, such as helium, carbon and iron ions, were produced by the Heavy Ion Medical Accelerator in Chiba (HIMAC) at the National Institute of Radiological Sciences (NIRS), Japan. The pretreatment of low-fluence heavy ions was performed using the faint beam mode in the HIMAC bio. irradiation course. The fluence of each ion was counted using a scintillation counter and the fluences converted to dose using the following formula:
All of the irradiations were carried out at room temperature.
Cell-killing assay
The cell-killing effect was measured with a colony-forming assay as the reproductive cell death. After the X-ray challenging dose irradiation, different numbers of NB1RGB cells were immediately plated onto 100 mm plastic dishes (BD Falcon 353003, Franklin Lakes, NJ, USA) to make 60 to 70 colonies per dish. The colonies were fixed and stained with 20% methanol and 0.2% crystal violet after a 14-day incubation period. Any colony consisting of more than 50 cells was scored as a surviving clone.
Mutation assay
Mutation induction was measured as 6-thioguanine resistant clones at the hprt locus. The procedure for the mutation assay has been described elsewhere. 23) Briefly, sufficient numbers of cells were irradiated to ensure about 1 × 10 6 cells survived by 1.5 Gy of the X-ray challenging dose. After the irradiation, the cells were cultured in 75 cm 2 
Statistical analysis
All data for cell-killing effect and mutation induction induced by X-ray-challenging dose were calculated as means and standard errors of the mean in 6 independent experiments. Determinations of the statistical significance of the data between control (X-ray-challenging dose alone) and pretreated groups were made by Student's t test. A p value of 0.05 or less between groups was considered to be significant.
RESULTS
No difference in the cell-killing effect in the pretreatment among different types of radiations, such as gamma rays, neutrons, helium ions, carbon ions and iron ions was observed. Surviving fractions by the X-ray challenging dose (1.5 Gy) in cells pretreated with each radiation were around 40% as well as the unpretreated control group irradiated with X-ray 1.5 Gy alone. Cell-killing effect in cells pretreated with low-dose-rate or low-fluence of different radiation is summarized in Table 1 .
In the mutation study there was no difference in X-rayinduced mutation frequency at 1.5 Gy of the X-ray challenging dose between unpretreated and gamma-ray pretreated cells as well as the cell-killing effect. In the case of the pretreatment of high-LET heavy ions, X-ray-induced mutation frequency was around 1.8 times higher in helium-ion pretreated cells and 4.0 times higher in carbon-ion pretreated cells than in unpretreated control cells (X-ray challenging dose alone). However, the X-ray-induced mutation frequency in cells pretreated with iron ions was the same level as in either non-pretreated or gamma-ray pretreated cells. In contrast, it was reduced in cells pretreated with 241 Am-Be neutrons when compared to unpretreated cells. The X-rayinduced mutation frequency in neutron pre-treated cells was 0.15 times lower than that in unpretreated control cells. The radiation-quality-dependent mutation induction in cells pretreated with low-dose-rate or low-fluence radiations is summarized in Table 2 .
DISCUSSION
We reported here that the X-ray-induced hprt mutation frequency in normal human fibroblasts pretreated with lowdose (rate) or low-fluence radiations of different radiation types, such as gamma rays, neutrons and heavy ions, before applying irradiation with an X-ray challenge dose (1.5 Gy) occurred in a radiation-quality dependent manner. The Xray-induced mutation frequency in cells pretreated with lowdose-rate gamma rays was the same level as that in control cells irradiated with an X-ray challenging dose alone. However, the mutation frequency in cells pretreated with lowdose-rate neutrons was reduced against the control cells, suggesting a radio-adaptive response. In the case of heavy ions, the X-ray mutation frequency in cells pretreated with either pretreated with helium and carbon ion showed enhanced mutation induction, suggesting genomic instability, while nothing happened in the cells pretreated with iron ions. There is clear evidence that cellular responses induced after low-dose (rate) or low-fluence irradiations strongly depend upon the radiation quality, such as the ion species and energy (LET).
In this study we chose 1 mGy/7-8 h or 1 mGy-equivalent heavy ions as a radiation dose rate for pretreatment with low-dose (rate) or low-fluence irradiations, simulating an absorbed dose of a one day stay in the International Space Station (ISS). The number of particles per cm 2 per Gy was obviously different when the LET value of the particles was different. In the case of heavy ions, the percent of direct hit Results presented were the mean and standard error of the 6 independent experiments. Helium ions (LET = 2.3 keV/μm) 38.9 ± 6.9
Carbon ions (LET = 13.3 keV/μm) 83.9 ± 12.9
Iron ions (LET = 200 keV/μm) 18.8 ± 8.8
Results presented were the mean and standard error of the 6 independent experiments.
cells in the cell population was estimated to be 61% for helium (LET = 2.3 keV/μm), 15% for carbon (LET = 13.3 keV/μm) and 2% for iron (LET = 200 keV/μm), according to the Poisson distribution. Clearly, most of the cells were not hit directly by the ions. We formulated the hypothesis that the non-enhanced effect in iron ions was caused by the lack of an irradiated number of ions (only 2% of the cells were hit). To test the hypothesis, the X-ray-induced cellkilling effect and mutation were checked at 1.5 Gy of the X-ray challenge dose using cell populations pretreated with helium, carbon and iron ions with the same ion fluence, in which 15% of the cells were hit directly. The results showed that X-ray-challenging dose induced cell killing and mutation in cells pretreated with 1 mGy of helium, carbon and iron ions were the same with those in cells pretreated with same fluence (15% of the cells were hit directly) of each ion source, suggesting that no genomic instability in mutation was induced by higher LET iron ions, even if ion fluence increased (data not shown).
Based on this study, we can conclude that very low-dose (rate) or low-fluence radiations at the same level as in the International Space Station (ISS) or a space craft, such as 0.5-1 mGy/day, are capable of inducing different cellular responses. There is evidence that the low-dose/low-fluence irradiation at 1 mGy/8 hr level induces a radio-adaptive response by neutrons and genomic instability by heavy ions, such as helium and carbon ions, in a cellular mutagenic effect as well as the life-span reduction in normal human cells, 10) while nothing happens in the cases of electromagnetic radiations (gamma rays) and iron ions. The results suggest that cellular response induced by the low-dose (rate)/ low-fluence irradiation are radiation-quality dependent.
